Calcium-binding stoichiometry, dissociation equilibrium constants at zero ionic strength @Lo), and molar extinction difference coefficients (At,) at the wavelength )r of the metallochromic indicators arsenazo I (ArsI) and tetramethylmurexide (TMX) were reevaluated with a computerized method based on mass conservation and thermodynamic consistency checks. This new method is shown to provide a more critical assessment of the assumed calcium-dye complexing model than is afforded by the commonly used reciprocal-plot method. The analyses of spectrophotometric Ca titrations confirm that both dyes form only 1: 1 complexes in aqueous solution. For TMX, R" = 1.3 X lOA3 hp and At&,, = 1.5 X I@ M-' cm-'; for Arsl, R" = 5.8 X 10el M and A6562 = 1.8 X 104 M-' cm-' at pH '7.0 and T = 293OK. The discriminatory power of the analytical method is demonstrated by comparison of these results with those found for a different dye, arsenazo III, which complexes Ca in l:l, 1:2, and 2:l forms.
Several calcium-sensitive, metallochromic dyes are now widely used in biological experimentation (1) . The various dyes differ in chemical composition and hence also in their sensitivity and selectivity for Ca*+ ions over other alkali earth metals, and cations in general. Often, the apparent dissociation ~uilibrium constants Kc, determined from titration data reflect an average of several different protonated forms of the dye. The numerical values are in such cases implicit functions oaf protonation equilibria (2) . Monovalent cations such as Na+ and K' also react with the dyes (3, 4) , but their influence can often be considered as due to the ionic strength of the solution (2) (3) (4) (5) . Normally, pH-sensitive dyes are of practical use only with well-buffered solutions, and interfering effects from other cations can be reduced by selection of an optimum wavelength or by dual-wavelength methods (1, 3, 6) .
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ported Kc, values for some of the dyes, in large part because there has been until now no universally applicable method for the quantification of absorbance changes due to Ca-dye complexing in terms of the concentration, [Cal, of calcium ions. Several theoretical and graphical techniques are now in the literature and were developed to evaluate spectrophotometric titration curves in terms of Ca-dye-binding stoichiometries and equilibrium binding constants (2, (6) (7) (8) . Determination of these quantities is especially difficult for dyes with high Ca affinity because a large fraction of the calcium may be bound to dye, giving nonlinear double-reciprocal plots (2) . Arsenazo III, which binds calcium appreciably at intracellular calcium concentrations, [Ca] = lo-' M (9) (10) (11) (12) , and antipyrylazo III, which has about a IO-fold weaker binding affinity (1, 5) , fall into this category. Consequently, low calcium-affinity dyes (Kc, in the millimolar range) offer important advantages because binding parameters can be easily determined graphically; the influence of pH and com~ting cations on the apparent Kc= can be also easily determined. For instance, tetramethyl- murexide (TMX)3 is a low Ca-affinity dye often used for biological Ca*+ assay, in part because of its large selectivity for Ca2+ over Mg2+ and because of the rather large difference between its extinction coefficients at X = 480 nm for Ca-free and Ca-bound forms (3). The structural diagram of TMX is shown in Fig. la .
We have recently reported a new analytical method for the determination of Cadye-~mplexing parameters from spectrophotometric titration curves (8) . Application of this method to Ca-titration curves of arsenazo III and antipyrylazo III showed clear evidence of multiple types of calcium complexing for both dyes (4, 5) . The possibility of multiple complex formation between Ca2+ and arsenazo III has been previously raised (13) , but analytical methods used by other investigators gave results compatible with assuming only a 1: 1 calcium-complexing model for arsenazo III (2, 6) .
One result of the present study is the confirmation of a pure 1: 1 binding stoichiometry for both the Ca-TMX and Ca-arsenazo I interactions at neutral pH, by the same method that showed clear deviation from 1: 1 stoichiometry for both arsenazo III and an-3 Abbreviations used: TMX, tetramethylmurexide; ArsI, arsenazo I, 0-t 1,8-dihydroxy-3,6-disulfo-2-napbthylazo)benzene arsenic acid; Pipes buffer, piperazine-N,N'-bis(Z-ethanesulfonic acid). tipyrylazo III. This new method is also compared with the more conventional doublereciprocal plot analysis of titration curves, which is shown to be far less sensitive to errors in the various model and experimental parameters.
Arsenazo I (ArsI), shown in Fig. lb , has in the past had some limited use as an indicator of polyvalent metal ions (14) . It has been reported that ArsI forms only 1: 1 complexes with Mg2+ and that the dye may be useful as a pH indicator in biological studies (15) . The present study suggests that ArsI may be also useful for determination of calcium con~ntrations at extracellular levels.
MATERIALS AND METHODS

P~ri~c~~ion of i~ica~ors.
The ammonium salt of tetramethylmurexide (tetramethylpurpurate) was obtained from Calbiochem, San Diego, California. A 750-mg amount of the raw dye was dissolved in water at 60-70°C and then slowly cooled and allowed to recrystallize overnight. After filtration, the procedure was repeated, and the sample was dried under vacuum. The final yield was 450 mg of pure dye, as shown by thin-layer chromatography in 3: 1 chloroform:methanol solution. Atomic absorption spectroscopy indicated that 1 mol of the purified dye contained 1.42 X 10m3 mol Ca'+.
The Na+ salt of arsenazo I (0-(1,8-dihydroxy-3,6-disulfo-2-naphthylazo)benzene arsenic acid), from Aldrich (Milwaukee, Wise.) and Beerse (Belgium), was purified analogous to the method of Kendrick (16) for arsenazo III. In brief, 400 mg of the commercial dye was suspended in a mixture of 2 ml water and 3 ml Solution I, which contained a-butanol, acetic acid, pyridine, and water in the volume ratio 3:1:1:3 (pH 4.7). NaOH (1 N) was added dropwise until the dye dissolved. The resulting solution was applied to a 2.5 X 30-cm column filled with preswollen DEAE-cellulose (Whatman DE52) which had been suspended in Solution I. The intensive red fraction of at least five other fractions was dissolved in 20 ml water, and Ca*+ ions were removed by passage through an ion-exchange column (1.5 X 20 cm) filled with 200-400 mesh Na-form of Chelex 100 (Bio-Rad Laboratory, Richmond, Calif.). The eluate was reduced in volume under vacuum and lyophilized, yielding approximately 200 mg of dry amorphous powder. After the powder was dissolved in 5 ml of water, a small amount of concentrated HCl was added to precipitate the dye. Atomic absorption spectroscopy showed that the purified sample contained co.005 mol Ca*+ and ~0.02 mol Na+ per mole of arsenazo I. By elemental analysis, the composition is ArsI . 3H20. Thin-layer chromatography of the purified dye in Solution I showed that only one component is present.
Spectrophotometric titrations were carried out with a Cary 118 spectrophotometer, equipped with a thermostatted cell (T = 293°K); see Ref. (8) . The dyes were dissolved in piperazine-ZV,l\r'-bis(2-ethanesulfonic acid) (Pipes buffer) at pH 7.0; buffer molarity was 0.03 M for ArsI and 0.05 M for TMX titrations. All vessels were washed with 1 pM EDTA solution and then rinsed with multiply quartz-reflux-distilled deionized water which had a conductivity of 0.9 /IS cm-' at 293°K. Wherever possible, plastic vessels were used. Thermodynamic analysis. The determination of binding stoichiometry, equilibrium constants, and optical coefficients from spectrophotometric titration data can be based on mass conservation laws and on a self-evident thermodynamic consistency check: the thermodynamic equilibrium constants K" are independent of the concentrations of the reaction partners.
If only one type of Ca-dye complex is stable, the absorbance change measured for the indicator (I) can be described with the overall scheme pCa + q1 * Ca,I, , 
where AE~ is the molar difference between the extinction coefficient of the complex ( cpq) and of the free indicator (tr) at the wavelength X:
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For the definition of AAx, the reader is referred to Ref. (8) . ii&l -P W(q AE))~ x {LI -WAeIq
[61 where the subscript X is implicit. Because both calcium and dye are electrically charged in solution, long-range electrostatic forces among the reaction partners are reflected in the binding equilibrium. Moreover, the importance of these forces is modulated by screening effects due to ionic strength, which are additional to thermodynamic factors such as temperature and pressure. As a result, the thermodynamic equilibrium constant K;,, is related to Kpq 
where p and q have been set equal to unity, assuming 1: 1 complexing, Although Eqs. [ 7 ] and [ 81 are formally equivalent, it seems not to have been previously recognized that Eq. [7] is a more useful expression for a computerized analysis. For dilute solutions of metall~hromic dyes, the stoichiometric numbers p and q can have only low integer values (1 or 2), so that the analysis of spectrophotometric titration curves can be reduced to a few "scans" of Ac, one scan per set of (p, q). The scans search for the combination of parameters (p, q, At-1 that yields the .rume calculated value for K& for each titration point ([ Ca,], [IT], A&. Furthermore, the range of At to be scanned can be usually estimated from the relation
where AA,, is the maximum absorbance change possible for a particular total indicator concentration.
The advantages of using Eq. [7] are that the approximation [Cal g [Car] does not have to be made in dye-calibration studies, and, furthermore, that the "K&-constancy" test can be extended to more complicated reaction models involving more than one type of complexing stoichiometry.
A stepwise analysis has been devised in which analogous constancy tests are set up for equilibrium constants of the various putative reaction steps, using the other binding constants as variable parameters; specific details are described in Ref. (8) .
Ionic strength corrections. The factor F (=n f :*) can be evaluated semiempirically with an expression composing the DebyeHiickel approximation for activity coefficients (17) where A is the total absorbance per centimeter at the particular wavelength. This method avoids errors caused by indicator ~mplexing with ~ntaminating cations from buffer and indicator salts. Once Q has been graphically determined with Eq. [ 111, the intrinsic extinction coefficient of the Ca-dye complex can be calculated from Eq. [4] .
Multiple protonated forms. Because metallochromic dyes often contain several ionizable groups, various protonated forms of the dye may coexist in significant amounts. For instance, at least two ionized forms of arsenazo III are present at neutral pH (2, 9) . It is therefore important to know how the binding and optical parameters arrived at from Eq. [ 71 are related to the elementary complexing parameters if multiple protonated dye forms are present.
As the simplest example, if there are two dye forms, which will be designated I and IH, each of which can complex Ca only in a 1: 1 fashion, the complexation can be described with the overall reaction model ( case, the best constancy for the calculated KY, values. Such an approach is more useful than would be the determination of a "global" optimum value for AC, that is, the value that results in the smallest scatter of calculated KY, values about the mean value. Often, wrong assumptions as to binding complexity can be identified intuitively from a comparison of calculated KY, values for different total indicator concentrations; an example is discussed below.
In Fig. 3 an application of Eq. [ 71 to TMX and ArsI is shown. In agr~ment with the double-reciprocal plots (Fig. 2) , it is found that each [Ca,] -AA data set, for the respective Ca*+ titrations, is optimized for the choice Atd8,, = 1.5 X lo4 cm-' M-I for TMX and AtsGz = 1.8 X lo4 cm-' M-' for ArsI.
Although this only confirms the results obtained in Fig. 2 , it is instructive to compare the large scatter of KY, values in Fig.  3 with the much smoother linear trend seen in Fig. 2 . The method using Eq. [7] is evidently more sensitive, because it amplifies not only the unavoidable random experimental errors seen here, but also any small systematic trend which may suggest a mixture of stoichiometric types but which may not be detected by inspection of double-reciprocal plots. More formally, it is found that the test condition of "zero slope" for the right-hand side of Eq. [7] is more difficult to satisfy than is the colinearity of data points normally looked for in double-reciprocal plots. In consequence, the discriminatory power of the newer method is better. In fact, all the data points shown in Fig. 3 cannot even be shown in Fig. 2 because of the overlap of symbols in the double-reciprocal plots. Thermodynamic (zero ionic strength) values of Ca-dissociation equilibrium constants, calculated as the mean of values shown in Fig. 3 , are K y, = 1.3 X 10e3 M for tetramethylmurexide and KY, = 5.8 X 10e3 M for arsenazo 1. Values of the equilibrium constants at some finite strengths are shown in Fig. 4 . Effective charge number values z for the two dyes were determined as described under Methods: for TMX, z = -1, whereas for ArsI, z = -2. Inspection of the structural diagram of arsenazo I (Fig. lb) suggests that the total charge is at least 3 electron units at neutral pH, due to ionization of the two HS03 groups and at least partial ionization of the As03H2 group. The finding of a lesser effective charge may reflect the spatial separation of the deprotonated residues, all of which may not partake in chelation of the Ca*+ ion.
Estimation of intrinsic extinction coefficients from progressive dilution curves (cf. Eq. for TMX and c11,5@ = 2.2 X lo4 M-' cm-' for ArsI.
Numerical values for binding and optical parameters for the two dyes, including the extinction coefficients at the absorbance maximum for uncomplexed dye, are summarized in Table 1 .
Comparison with Arsenazo IZZ An instructive example of the resolution power of Eq. [7] is afforded by analysis of titration curves of a high-Ca-affinity indicator, arsenazo III (Fig. lc) . Inspection of Eq. [6] suggests that the in- creasing [IT] . This anomalous behavior usually means that a Ca*+ ion can induce optical changes in more than one dye molecule as total dye concentration is increased, or, in other words, that 1:2 or higher order Ca-dye complexes appear as [I-r] is increased. Subsequent calculations, using a more involved mathematical formalism, confirmed a mixture of 1 :l and I:2 complexes for arsenazo III at low calcium concentrations (4).
DISCUSSION
Figures 2 and 3 show that even in the simplest case, where p = q = 1, the analytical method based on the constancy of thermodynamic equilibrium constants is more sensitive than the reciprocal plot method. Furthermore, because the newer analysis scans the concentrations of all species, [Cal, [I] , and [CaI ] with only one variable parameter, Aex, the method is equally exact at low and high calcium concentrations and is therefore especially useful for calibration of binding and optical properties of high-affinity dyes.
As noted in the introduction, binding stoichiometry, apparent equilibrium constants, as well as ion selectivity can be sensitive to pH, the presence of other cations, and the polarity of the medium ( 18) . An example of the latter effect is the shift in selectivity of TMX from Ca2* to Mg'+ at high methanol concentrations in water-methanol mixtures (3). In addition, useful indicators for Ca in cellular and vesicular systems are required to not penetrate biological membranes and to be inert to biological material. Because of recent reports that arsenazo III binds to cellular fractions of rabbit skeletal muscle ( 19) and antipyrylazo III binds (as a Cadye complex) to acetylcholine receptor protein (5) reactivity of arsenazo I and TMX with cellular material is also possible and must be carefully watched for in biological applications. There are also reports that TMX can penetrate fragmented sarcoplasmic reticulum in the presence of ATP (18, 20) .
The exact characterization of binding and optical properties of the high-Ca-affinity dyes is difficult, and consequently the estimation of calcium-binding properties of biological material with these dyes is mathematically cumbersome ($8 These calculations suggest that if background noise of s~ctrophotometric monitoring readings can be sufficiently reduced, TMX can be used to monitor Ca changes exceeding 10S6 M in samples which have low total ionic strengths, whereas both dyes appear suited for optical indication of extracellular calcium concentration in the millimolar range.
